The am ount of chitin and of protein in th e blowfly larval cuticle rem ains essentially u n changed during th e process of hardening and darkening of th e puparium . I n th e form ation of th e p uparium there is a gain of w eight of abo u t 6 % over th e larval cuticle w eight, and th is can be accounted for by th e incorporation of phenolic substances. These are derived from th e free tyrosine in th e blood w hich decreases by an am o u n t sufficient to account for th e w eight increase of th e cuticle. An insoluble and highly resistan t fraction has been isolated from th e puparium , and this consists of ab o u t equal quantities of p rotein an d pigm ent an d possibly represents th e n atu ra l association of these two substances in p a rts of th e puparium . All th e evidence suggests th a t th e tyrosine is deam inated before giving th e derivatives w hich com bine w ith th e cuticle substance, hardening and darkening it.
The am ount of chitin and of protein in th e blowfly larval cuticle rem ains essentially u n changed during th e process of hardening and darkening of th e puparium . I n th e form ation of th e p uparium there is a gain of w eight of abo u t 6 % over th e larval cuticle w eight, and th is can be accounted for by th e incorporation of phenolic substances. These are derived from th e free tyrosine in th e blood w hich decreases by an am o u n t sufficient to account for th e w eight increase of th e cuticle. An insoluble and highly resistan t fraction has been isolated from th e puparium , and this consists of ab o u t equal quantities of p rotein an d pigm ent an d possibly represents th e n atu ra l association of these two substances in p a rts of th e puparium . All th e evidence suggests th a t th e tyrosine is deam inated before giving th e derivatives w hich com bine w ith th e cuticle substance, hardening and darkening it.
F u rth e r properties of arthropodin, th e w ater-soluble pro tein of soft arth ro p o d al cuticles, are described. X -ray and related studies give a picture of th e p olysaccharide/protein complex in th e cuticle which implies a m odel w ith altern atin g m onolayers of p rotein an d chitin. This appears to be based on a ratio of 3 am ino acid residues to 1 chitobiose residue, or for equal lengths of protein and chitin chains a w eight ratio of 45:55. This basic w eight-ratio of protein and chitin appears to occur in th e soft cuticles of blowfly larvae a n d other arthropods.
A review is given of th e com position an d properties of various cuticles, an d it is evident th a t hardening m ay be achieved w ithout darkening of th e cuticle. The chemical basis of th is ty p e of cuticle stabilization m erits fu rth er study.
In our previous paper (Fraenkel & Rudall 1940) , subsequently referred to as (I), we presented data on the physical and chemical properties of insect cuticles. Here we describe continued work on this subject, and the results are given in four main sections.
I . T h e c o m p o s i t i o n a n d s t r u c t u r e o f v a r i o u s t y p e s o f c u t i c l e
In our previous paper it was shown that the soft and colourless cuticles of blow fly larvae are characterized by a large proportion of a highly water-soluble protein and by a high water content, whereas in the hard and coloured puparium the protein has become insoluble and little water is present. It was desirable to know whether these characteristics of soft and hard cuticles are of general validity, and so the composition of cuticles in a number of other insects has been investigated.
For convenience, the cuticles must be fairly large, flat, and easy to clean from adherent tissue by mechanical means (scraping). This limits the choice to the softskinned larvae of larger species of Coleoptera, Lepidoptera and Diptera, and certain parts of the cuticle of larger Orthoptera, such as grasshoppers and stick-insects. Adults of most holometabola are unsuitable, as they do not contain sufficiently large flat areas and are thus difficult to clean. Wings and elytra are unsuitable as they contain body fluid and tissues between the lamellae.
As data accumulated it became apparent that there were quantitative errors in our former studies. We have performed many further experiments using different methods of cleaning, and it will be shown that correctness of procedure is most important if a true figure of cuticle composition is to be obtained.
Primarily, we have sought to measure the absolute weight of the larval cuticle, so that by comparing this with the puparium we could assess directly the weight increase of the cuticle, at pupation and hardening. But to obtain the absolute weight of the cuticle involves removal of tissues and hypodermis without losing any substance from the cuticle itself. Previously (I) we heated the larvae to 65-75° C so that the tissues could be easily distinguished and thus scraped away quantitatively. Later we had reason to believe that preheating of cuticles caused alterations likely to lead to loss of cuticular protein during cleaning. The new methods we have adopted to obtain intact larval cuticles are as follows. The larvae are not preheated, but are cut in half longitudinally, and much of the tissue is scraped away with a blunt scalpel in a washing medium of about 60 % alcohol. The cuticles are transferred to fresh alcohol and the remaining tissues removed with cotton swabs under the binocular microscope. After final rinsing in alcohol the cuticles are dried first on filter paper and then in the oven. By these newer methods we have approached as nearly as possible the condition where the adhering tissues are thoroughly removed, yet none of the cuticle itself is lost. By carrying out the cleaning in a medium of 60 % alcohol we have avoided loss of cuticular protein. A few samples of cuticles have been cleaned in air without alcohol as a washing medium, and the results (table 2) show no significant difference between the two procedures.
From X-ray studies presented below, it is known that the structure of the cuticle is considerably altered by heating in water, and the nature of this change is such as to make the protein more liable to be lost during cleaning and washing of preheated cuticles. The results for the composition of larval cuticles given in (I) are consequently misleading because of the considerable loss of protein in the cleaning procedure then used. In table 1 we give data for the cleaning of Sarcophaga larval cuticles by different methods. The weights are those of the cuticle obtained from ten similar larvae weighing altogether 1-75 g. in A, and 1-28 g. in B. The dry weights are given of the cuticles after treating in water at 100° C for 1 day and then in 5 % KOH at 100° C for 1 day, the latter figure representing the amount of chitin.
It is quite clear from the results for batch A in table 1 that preheating of larvae followed by standing the dissected cuticles in water leads to a low cuticle weight and a high chitin content. The results for batch B similarly show that the chitin percentage is increased as a result of preheating, and furthermore, indicate that there is loss of soluble substances either into the tissues or into the hot water bath. The most noteworthy feature of the batch B data is the near constancy of the absolute chitin figures as obtained by the six different methods of preparation.
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T a b l e 1. T h e e f f e c t o f d i f f e r e n t t r e a t m e n t s o n t h e c h i t i n CONTENT Besides the considerable errors likely to occur during cleaning of soft cuticles, we now recognize a difficulty in estimating the true nitrogen content of the puparium. In the earlier determinations (I), old puparia were used and might have contained uric acid sticking to the surfaces.
larvae excrete large quantities of uric acid before pupation, and more is excreted during emergence of the flies. We have aimed at obtaining a comprehensive series of data all on the one batch of larvae, so that the figures should be mutually consistent. In the new determinations groups of ten larvae weighing 1-3 g. were used. A lot of ten as above was allowed to pupate, and at 3-4 days after pupation they were thoroughly brushed externally and washed to remove adhering matter. The puparia were then removed, and by this procedure the risk of uric acid contamination is considered to be small. The larval cuticles were obtained without preheating and were cleaned in the manner indicated with the aid of the binocular microscope (see table 2).
Separate determinations gave the mean contents of nitrogen of the chitin residues of table 2 as 6-45 and 6-28 % for larval cuticles and puparia respectively. None of these figures has been corrected for ash, which ranges from 1 to 2 %. From these data it is seen that the total nitrogen content of the chitin fractions is the same in both larval cuticle and puparium, thus confirming the conclusions of (I) that no further chitin is formed during pupation. It may be noted here that the chitin of larva and pupa are not obtained in an identical way. The larval cuticle treated in 5 % KOH at 100° C reaches constancy of weight after about 24 hr., while the puparium requires at least 48 hr. to reach a similar relatively constant weight and the last traces of pigment are difficult to remove.
The main conclusion to be drawn from table 2 is that the true weight increase at pupation is small and of the order of 6-3 %. The maximum weight increase obtained in a series of six batches was 8*8 %, and the mean of all the determinations 5-8 %• The high figure calculated in (I) was obviously due to underestimation of the weight of the larval cuticles, due to loss of protein in the unsuitable cleaning procedures then used.
T a b l e 2. D r y w e i g h t , c h i t i n c o n t e n t , a n d n i t r o g e n c o n t e n t OE LARVAL CUTICLES AND PU P ARIA FROM THE SAME BATCH To obtain a view of the interrelationship of larval cuticle and puparium we have drawn up table 3. This is based on the data of table 2, but used, in addition, other results such as 15 % for the nitrogen and 5*2 % for the tyrosine content of cuticular protein (Trim 1941) . to ta l 106-3 9-5 2-23 0 In the data for the puparium in table 3 the assumption is made that neither the chitin nor protein increases after the white pupa stage, at which time the hypodermis changes its activity from producing cuticular substance to producing derivatives of tyrosine to harden the cuticle. On this basis the total nitrogen of the hypo thetical puparium is 9-5 %, which is a little lower than the measured figure of 9-67 %. Two further batches were studied where the mean-weight increase at pupation was high, viz. 8-5 %. In these the mean of four determinations of nitrogen in larval cuticles was 10-26 %, and in the corresponding puparia 9-34 %. On the basis of constancy of chitin and protein before and after pupation the nitrogen content of these puparia should be 9-45 %. It is probable, therefore, that for these batches the weight increase adds no nitrogen to the cuticle.
In a later section we provide data indicating that the weight increase is derived from free tyrosine in the blood. Here we may draw attention to the structural or bound tyrosine in the cuticles, figures which have been derived from the estimated protein content. In table 3 the tyrosine of the larval cuticle is calculated as 2*38 %, which agrees with measurements given by Malpress (see (I) ). This serves to justify the manner in which the nitrogen of the larval cuticle has been distributed between 'protein' and 'residue'. The tyrosine figure of 2-23 % calculated for the puparium is significantly higher than measurements made by Malpress, T93 % (I), and Trim, 2 % (1941). This may suggest that during the reaction of hardening agents with the cuticle protein, the tyrosine residues are altered in a way that prevents their subsequent estimation as tyrosine. Or loss of tyrosine may occur in the drastic treatment of puparia required before the colorimetric estimation of tyrosine by Lugg's method can be carried out.
The good correspondence between the various determinations in table 3 justifies the assumption that neither the chitin nor protein changes significantly after the larval cuticle is fully grown. It is also evident that the weight increase at pupation carries little or no nitrogen. In the particular batch considered, there seems to be a considerable residue (4 %) in the cuticles which is non-nitrogenous. This residue will include the ash, fat, carbohydrate, and other substances such as probably the sulphur-containing component recognized by Trim (1941) .
The above analyses are by no means complete, but they give some information as to the relative amount of chitin and protein present in the cuticle. We are particularly anxious to find this relationship, and the possible significance of it is discussed later.
In the results recorded in table 4 we are not concerned with the absolute weights of cuticular substance but with the proportions of various constituents present. These results are from older work where no elaborate precautions were taken, and there will be errors in estimating the proportion of chitin and protein in soft cuticles. Throughout, the judgement of hardness is subjective. The chitin and protein fractions are recorded as percentages of the dry weight, while the water content is given as a percentage of the 'fresh' w eight./Â ll the typically soft cuticles contain high quantities of water-soluble protein, and where tested have a high water content. The results for mealworm cuticle have little significance, as soft and hard areas are present in about equal amounts. They show water-soluble and insoluble protein in considerable quantity, while the chitin content is very low. The very hard elytra of Dytiscus contains little water-soluble material, as was to be expected. The special feature of the cuticle is the apparent hardness in spite of the absence of colour. Cuticles of Dixippus are pigmented to varying degrees according to the conditions under which they are kept; but the pigment is not present in diffuse form, as in typically ' tanned ' cuticles, but as granules which would not alter the protein solubility.
For the tests on Dixippus, colourless cuticles were chosen; and the treatments in hot water and hot alkali were carried out only for 1 day each. For the various The structure of insect cuticles, Dixippus samples the table shows that where the water content is higher, the amount of water-soluble protein also tends to be higher while the degree of hardness is less. As an example of a hard but little coloured cuticle, figures are given for a scorpion, while the intersegmental membrane of the lobster provides material typical of soft and colourless cuticles. In these determinations the hot-water treatment gives a measure of the water-soluble protein, while the hot-alkali treatment divides the cuticle into chitin and non-chitin fractions. These latter are considered to be mainly protein in soft cuticles, while in hard cuticles there is addition of phenolic substances or other organic hardening agents. The survey given in table 4 has been necessary in selecting material for X-ray diffraction studies and has been invaluable in assisting the interpretation of diffraction patterns. Cuticles are frequently hard in general texture but have a lower layer in the structure which is colourless and soft. The Sarcophaga puparium (flies emerged) is also like this, and up to 20 % of the thickness is colourless and soft. Taking the view that the composition of this lower layer is like that of the larval cuticle, then 8 % of the puparium protein should be water-soluble. This corresponds to the figure given in table 4 and suggests that there is no water-soluble protein in the hard and coloured parts.
We can here expand the X-ray diffraction studies and relate them to the chemical data which are accumulating. Only some of the X-ray data will be given, and no attempt will be made at a formal description of the patterns.
We may briefly describe the standard patterns as obtained from larval cuticle and from the puparium. To obtain better diffraction data larval cuticles were stretched in cold water after thorough cleaning by scraping, it being important to perform all operations without heating. Extensions of 40 % on the wet length can be obtained readily. The cuticles show very little tendency to recover in length, hence we are dealing with an inelastic system, the elongations occurring by internal slipping of molecular chains. Figure 1 , plate 8, is a diffraction pattern of larval cuticle stretched by 40 % in this way, while figure 2 is that of natural puparium which has not been stretched but has been well scraped on its internal surface. In both cases the cuticles were air-dried and the X-ray beam directed parallel to the surface of the cuticle membrane and perpendicular to the axis of the long-chain molecules. Contrary to the view taken in (I), there is no evidence that the larval stage contains a highly crystalline chitin structure which in puparia degenerates along the directions of the a and c axes. In both figures 1 and 2 the chitin is in the poorly organized condition along a and c axes, and the reason for the earlier view is now clear. In attempting to make a thorough com parison of larval cuticles and puparium, both were ground up to obtain randomly oriented powders. It is now known that grinding larval cuticles in the moist condition causes a rearrangement of structure so that the chitin chains come together to form highly developed crystallites. On the other hand, the puparium structure is so stable that grinding does not affect the chain bundles in this way. Thus comparison of cuticles ground while moist gives the incorrect picture of wellorganized chitin micelles in the larval cuticle and poorly organized micelles in the puparium. From numerous photographs of larval cuticles it is now certain that the highly crystalline condition of pure chitin does not occur naturally, and that in principle both the larval cuticle and the puparium are similar in that the chitin pattern is poorly developed along the a and c axes. This poorly crystalline condition is thus primary, depending on the way in which chitin and protein are laid down during development of the cuticle. The highly crystalline condition of the chitin is obtained after removal of the protein, or by thermal or mechanical agitation of the natural structure the chitin chains may be brought together.
Larval cuticles left in a moist condition, or repeatedly wetted and dried, generate the pattern of pure chitin. In naturally occurring structures a condition like this is found in that lower layer of the puparium which does not darken. This layer can be removed from puparia from which the flies have emerged, and it gives a strong pattern of pure chitin. In insufficiently scraped puparia (figure 15, plate 2 of (I)), the pure chitin pattern is seen superposed on that of the normally occurring diffuse pattern, while in figure 2, plate 8, of this paper the inner colourless layer has been successfully removed.
Two further principal features in the diffraction patterns of unaltered cuticles should be noted. First the meridional arc of 10-3A (010) is considerably strong, whereas in the purified chitin it is very weak (figure 3, plate 8). This difference is true for all angles of tilt of the fibre axis. Hence in the natural structure there is some marked difference between the two glucosamine residues of the chitobiose unit giving a strong 10-3A periodicity which is not obliterated by the halving planes.
Secondly, the strong equatorial spots of 33 A spacing are evident in figures 1 and 2, and these represent planes lying parallel to the surface. There are other reflexions associated with these equatorial spots, particularly spots of about 45 A spacing representing planes perpendicular to the surface (figures 4, 6, plate 8). For the present, emphasis is laid on the following chief characteristics of the bulk cuticle structure:
(а) Diffuseness of reflexions in the a and c directions of the modified chitin lattice.
(б) Strong intensity of the 010 of the modified chitin lattice.
(c) Strong equatorial spots of 33 A spacing representing regular planes lying parallel to the surface of the cuticle. Now these characteristic features disappear when protein is removed by any means, from either larval cuticle or puparium. A point of special significance in the present discussion is that these features are obliterated by steaming larval cuticles for short periods (2-5 min.), while the puparium is quite unaffected even by boiling in water for 30 min. This indicates that the features (a), ( and (c) are due to the presence of protein material intimately associated with the chitin chains, since the complex pattern of the cuticle is stable or unstable according as the protein is stable or unstable. These observations on the effect of heating soft cuticles are fundamental to the development of our views on cuticle structure. Heated soft cuticles became noticeably stiff, not by coagulation of protein, but on account of aggregation of chitin chains. The protein itself becomes more free and consequently is readily lost from the cuticle as shown by the data of table 1. A series of line spectra, taken with a 1/20 mm. slit, 5 cm. long, illustrates the effect of interfering with the normal protein structure of the cuticle. Figure 14 , plate 10, is a comparison of normal dried larval cuticle and the same steamed for 2 min. and rephotographed. The beam is directed parallel to the cuticle surfaces. The normal cuticle 14B shows the diffuseness of the 002 and 200 reflexions and the well-defined periodicity of 33A. On the other hand, the cuticle after steaming, 14 A, shows the increased sharpness of 002 and 200 and the absence of well-defined planes of 33 A spacing. But steaming of puparia from which flies have emerged shows no similar effect, though in earlier puparia (24 hr. old) the diffraction pattern is partially altered by steaming. Figure 13 , plate 10, gives a comparison between dried larval cuticle A, and larval cuticle purified in 5 % KOH, washed and dried, B. The clearly defined differences between the pure chitin structure and that of the complex in the cuticle are well illustrated. Figure 15 , plate 10, compares the wellscraped puparium, A, with larval cuticle that has degenerated due to a series of wettings and dryings, B. The puparium shows no trace of the pure chitin structure, while in the degenerated larval cuticle a large amount of the pure chitin structure is present and the strong equatorial reflexion at 33 A has almost entirely dis appeared. Figure 16 , plate 10, is a comparison of puparium B, and white pupa cuticles A, to show principally that the 33 A spots correspond very closely before and after the natural process of hardening; though there is a difference in intensity, those given by the white pupa being the stronger. This may well be very significant as indicating a point of attack of the hardening agents. At present, however, we cannot eliminate differences of orientation as the cause of the apparent difference of intensity. There is, moreover, some certain difference between the 002 group of reflexions, those given by the white pupa cuticle 16 A being sharper and extending farther out from the central spot. This relative sharpness of 002 is always obtained from dried soft cuticles. As distinct from the sharpness in pure chitin, it is reversed on wetting and permanently changed to the diffuse type by tanning (figure 19, plate 10).
Line spectra are particularly convenient for studying the changes in swelling with water and other reagents. A noteworthy property of these cuticles is illus trated in figure 18 , plate 10, which is a comparison of puparium, dry A, and wet in water, B. This shows that in the wet cuticle there is an inward shift of the 002 group of reflexions, but more pronounced is the inward shift of the 33 A spots to a position giving a spacing of 44 A in the wet material. The 44 A reflexions are also of increased intensity, indicating enhanced regularity of molecular planes on wetting and/or the absorption of water molecules in these planes. In the larval and white pupa cuticles there is a similar inward shift of the 002 reflexions, but the 33 A reflexion behaves in another way. Instead of shifting to a definite limit it spreads from the region of 44A right to the centre. This change is best appreciated in longer distance photographs using a 1/20 mm. slit, 12 cm. long, and a specimento-plate distance of 12 cm. Such photographs are shown in figures 23 and 24, plate 10, figure 24 being a comparison of puparium, dry A, and wet B, and figure 23 a comparison of dried white pupa cuticle A and the same re wetted, B. In the case of the white pupa cuticle, figure 23 B, the intensity seems slightly greater at the outer limit of the central band, and spreads inwards to regions which correspond to over 100 A. Thus, in addition to the effect of steaming we have a second welldefined molecular property in terms of which we can interpret the changes during hardening. Here we should point out that the changes in the behaviour of the 33 A reflexion on hardening are very similar indeed to the changed behaviour of the side chains in collagen during tanning (Astbury 1940) .
Through this preliminary work it is hoped to proceed towards an interpretation of the relationship between the modified chitin lattice and the larger equatorial reflexions of 33 A. Either the 33 A reflexions are a part of a well-defined chitin/ protein lattice or they arise only from protein material laid down within the chitin lattice causing the latter to be modified. It is expected that continued work will give an answer to the above alternatives.
In our previous paper (I) we gave data for the swelling of cuticles in water, such measurements being confined to planes in the surface. It soon became apparent that the swelling perpendicular to the surface was much greater and could be correlated with the changes observed in the wet and dry diffraction patterns. First, as the molecular planes showing the large shifts on wetting are oriented nearly parallel to the surface the high degree of swelling perpendicular to the surface is readily explained. Secondly, the swelling of larval and white pupa cuticles perpendicular to the surface, though difficult to measure accurately, is obviously much greater than in the puparium. A swelling of 56 % was found in the rewetting of dried white pupa cuticle (figures 25 and b, plate 11), while that of the hardened and darkened puparium is 30-32 % (figures 28, 29 and 30a, b, plate 11). These swelling measurements on cuticle sections are paralleled by the molecular expansions observed in the diffraction patterns, that in the well-hardened puparium being about 33 % and that in the soft larval or white pupa cuticle ranging from 33 to over 100 %. The close agreement between the bulk and mole cular swelling of the puparium suggests that the planes of 33 A spacing are dis tributed with effectively continuous regularity throughout the whole thickness of the cuticle and not through a part only. In support of this view is the fact that in spite of the great stability of the puparium the X-ray diffraction by these planes disappears when the cuticle is finely ground to powder.
The diffraction data given above for the structure of larval cuticle are generally true for the cuticles of soft-bodied larvae of Diptera, Lepidoptera and Coleoptera. Furthermore, the soft intersegmental cuticle of the lobster shows the same structure. On the other hand, the hard cuticles of adult Diptera are not like the puparium in the details described, and this divergence is also true of the hard cuticles of adult Orthoptera, Coleoptera and Hymenoptera. What is of general validity is that the chitin lattice is modified along the and c axes, while the welldefined pure chitin configuration is developed on removing protein.
As an example of these adult cuticles some diffraction patterns of the dorsal thorax region of the stick-insect are given. With the X-ray beam perpendicular to the surface it is seen that there is some orientation, of the chitin chains, parallel to the long axis of the thoracic segment (figure 7, plate 9); these segments are also more easily split into longitudinal strips. It seems reasonable to associate this with elongation of the thoracic segments after the previous moult. With the X-ray beam directed parallel to the surface and at right angles to the long axis of the insect a pattern as in figure 8, plate 9, is obtained. Here the chitin chains lie closely parallel to the surface of the cuticle, as indeed is always the case. The effect of steaming stick-insect cuticle for short periods shows that the structure is in a less stable con dition than in the Sarcophaga puparium, for there is substantial development of the pure chitin pattern. That the Dixippus cuticle is unstable in this way agrees with the data of table 4, which show a considerable proportion of water-soluble protein in this type of cuticle. Some swelling da*ta for stick-insect cuticles are given in table 5, and these indicate a degree of hardening which is less than that of the puparium. Swelling in water perpendicular to the surface has been measured as 40 % for dorsal thorax cuticle (figures 26 c, d, plate 11), and 49 % for the ventral abdomen (figures 26 a, b, plate 11). These data are in agreement with those given in table 4, which describe the lesser apparent hardness and the greater amount of water-soluble protein in the cuticle of the ventral abdomen as compared with the dorsal thorax.
The non-coloured cuticles of the stick-insect are less hard than those of the coloured puparium, this lesser 'toughness' being due to the greater solubility of protein, and the greater degree of swelling. The instability of the protein structure is shown by the generation of the pure chitin pattern after a short period of steaming. But non-coloured cuticles may approach closely the properties of the puparium, and this is shown by the following data obtained in studies of locust abdomen cuticle. Steaming these cuticles for a period of 4 min. brings about no obvious change in the molecular structure, and in this respect it differs from that in stick-insect cuticle. As regards swelling, that in the plane of the surface is low (c. 2 %), while perpendicular to the surface the swelling is approximately the same as that in the puparium, being 31 % (figure 27 a, b, plate 11). This similarity exists in spite of the greater protein content of the locust material. With reference to all the properties associated with hardness, i.e. low content of water-soluble protein, low water content, low degree of swelling and high -stability of the molecular complex, the locust cuticle and puparium are very similar. It may be concluded that non-coloured cuticles can be just as hard and water-resistant as those which are darkly coloured by phenolic compounds. The series of chemical reactions which lead to hardening without colouring offer an interesting'field for investigation.
Mean values obtained for the percentage swelling from the air dried to the re wetted state are given in table 5. From table 5 it is seen that a common factor in hardened cuticles is the greatly reduced swelling in the plane of the surface. It is likely that in soft cuticles the molecular structure departs from the close parallelism to the surface, in which case horizontal components of the large thickness swelling would contribute significantly to the swelling in the plane of the surface. But there is a special molecular effect quite apart from that due to orientation. Figure 4 , plate 8, is the diffraction pattern of puparium like that shown in figure 2, plate 8, but with the beam directed per pendicular to the surface. It shows the degree of orientation of the molecular chains parallel to the transverse axis of the puparium. But the near absence of the 002 reflexions on the equator shows that the ' side chains ' of the chitin lattice stand nearly perpendicularly to the surface. This is confirmed by the greater intensity of the 200 in figure 4, plate 8, while in figure 2, plate 8, the 002 is the more intense and the 200 the less intense. We did not report this in (I), in fact, failing to find it because of the peculiar orientations. However, we did find that this kind of high orientation, with side chains perpendicular to the surface, became very obvious after purification (see figure 17, plate 3 of (I)). The special features we wish to emphasize in figure 4, plate 8, are the spots on the equator near the centre representing spacings of approximately 45A; and to demonstrate these more clearly figures 4-6 have been deliberately underprinted. On wetting the puparium these reflexions shift very slightly towards the centre and become very much more intense (figure 6, plate 8). In the case of dry larval or white pupa cuticle the 45A reflexions are similar to those in the puparium, but on wetting they shift inwards to give intense reflexions very close to the central spot, the example given in figure 5, plate 8, being the larval cuticle. These results, which are given in an entirely qualitative manner here, indicate the presence of molecular planes lying perpendicular to the surface, and having different properties in soft and hard cuticles. In soft cuticles the planes separate considerably on wetting, while in hard cuticles there is only a restricted separation. Further rather difficult work is required to obtain satisfactory quantitative results from reflexions of the type illustrated in figures 4-6; but the labour is worth while in the interests of membrane structure.
To summarize, we have shown that the swelling perpendicular to the surface of white pupa cuticle and puparium can be related satisfactorily to changes in the molecular structure. Also a molecular basis has been given for the changed swelling in the plane of the surface on hardening. For hardened cuticles we obtain the picture of a relatively continuous structure in the plane of the surface but with discontinuities perpendicular to the surface. Such follows also from the laminar arrangement seen in sections with the microscope, e.g. figure 26 , plate 11, and better resolved by the electron micrographs presented by Richards & Anderson (1942) . The X-ray and swelling data suggests layers of chitin separated by layers of protein. Because the thickness swelling of the puparium is so closely related quantitatively to the behaviour of molecular planes of 33 A spacing, it is suggested that this spacing represents some periodicity of alternating chitin and protein layers.
II. S o m e p r o p e r t i e s o f t h e s o l u b l e p r o t e i n a n d t h e i n s o l u b l e p r o t e i n / p i g m e n t c o m p l e x o f i n s e c t c u t i c l e s
The principal characteristics of the water-soluble protein are failure to coagulate in hot water and solubility in hot, but not cold, trichloracetic acid (10 %). It is precipitated from aqueous solution by adding sufficient quantities of alcohol, but in solutions containing less than 45 % alcohol it redissolves on heating. When dry cuticles are extracted in hot alcohol (30 %) for 2 days at 75° C, about the same quantity of protein goes into solution as when the same treatment is carried out in water; but on cooling, much of the protein precipitates in the 30 % alcohol. Almost nothing is dissolved in 65 % alcohol for which reason this solution has been used as a cleaning medium (table 6) .
These characteristic properties are shared by all soluble protein fractions extracted in hot water from the cuticles of various species of insects, viz. larvae of other flies, caterpillars {Sphinx ligustri, Bombyx mori, Locusta migratoria), mealworms ( T enebriom olitor), and also crustaceans (intersegmental membrane of lobster, cuticles of a shrimp). The occurrence of this protein in arthropods therefore appears to be universal. According to Trim (1941) its chemical constitution, while being similar in various insects and the lobster, is distinctly different from all other proteins with which it has been compared. It differs from gelatin in its high tyrosine and low glycine content, and also in physical properties and diffraction pattern. It seems justifiable to reserve a name for this protein for convenience of reference. On account of its universal occurrence amongst arthropods and because its presence is responsible for the free movability of the limbs, we propose to call it arthropodin. In the puparium of flies, arthropodin undergoes changes by which it becomes hard and water-insoluble. Pryor (1940) has suggested that darkening and hardening of the insect cuticle is brought about by a tanning process, whereby phenolic substances combine with a protein to form insoluble complexes. All our attempts to dissolve the protein-pigment complex from the puparium in a state in which it can be considered as wholly intact have so far failed. Elsewhere (I) we showed that it can be separated efficiently from chitin by treating puparia with hot 5 % KOH or 5 % HC1 for 1-2 days. From numerous tests with other reagents we have found that only strong acids or alkalis dissolve a substantial part of the non-chitinous constituents. Attempts were made to destroy the pigment by oxidation and thus render the protein water-soluble again. Puparia bleached in sodium hypochlorite or strong hydrogen peroxide lose much in weight and the protein is seriously disrupted, so that little in the resulting solutions remains precipitable.
If puparia are treated in 5 % HC1, 5 % KOH, or other acids and alkalis, and the resulting solution neutralized, a voluminous dark brown precipitate is formed. These products have been further purified by dialysis, but the greater part passes through the membrane owing to disruption of protein during the extraction. Of what remains in the sac, the greater part (two-thirds) precipitates while some stays in solution and is precipitated by alcohol, trichloracetic acid, and half-saturated (NH4)2S04. Comparing a number of different treatments the best yields were obtained as in table 7.
Under the most favourable conditions so far tested about one-third of the original non-chitinous material can be obtained in a non-dialysable state. More may well be obtained by successive short-period extractions. It was assumed that the product was the more stable part of the protein-pigment complex, while twothirds of the original non-chitinous material was disrupted by the treatment. Such disruption is very pronounced in the case of larval cuticles where no protein remains precipitable after treatment with hot alkali or acid. The pigment-protein complex precipitated during dialysis is readily dissolved again outside the pH range 3-7-5, while for comparison arthropodin, dissolved from larval cuticles in hot water, precipitates on acidifying at the narrow pH range 5-6. 5 % HC1, 100° C, 24 hr. 5 % K O H , 100° C, 24 hr. Attempts were made to measure the nitrogen content of the non-dialysable material after extraction in 5 % KOH at 100° C for 24 hr. The nitrogen corrected for the high ash values worked out at 8-6 %, which is consistent with a complex of the protein and non-nitrogenous phenolic substances in about equal proportions. Various samples of the protein-pigment complex extracted from puparia in hot 5 % HC1 gave nitrogen values varying from 9-8 to 11 %. Among these the more insoluble fractions have the lowest nitrogen contents, suggesting higher proportions of the pigment. The protein-pigment complex appears variable in composition, depending largely on the strength and time of action of the extraction liquids. An aim we may not pursue here is to attempt to remove most or all of the protein and thus concentrate the pigment fraction for further analysis. We can make the following rough estimate of the amount of pigment. Half the puparium is poten tially extractable, one-third of this can be recovered as a precipitatg, and from the nitrogen content we can estimate that one-third of this is non-nitrogenous pigment. Hence about y §-of the puparium may be regarded as pigment. Now the mean weight increase of 5-8 % given on p. 114 also represents about -i-of the puparium. Thus in the puparium we can recognize a chemically resistant non-nitrogenous fraction which we refer to as pigment and which agrees approximately with the amount of substance added to the cuticle at pupation.
X-ray studies on the protein fractions
Powder photographs of the protein extracted from larval cuticles give diffraction patterns of fully extended polypeptide grids (Astbury 1943) . Such dried material consists of well-defined micelles of the /?-protein type, and these micelles can be reoriented parallel to a surface by compression between glass plates. However, it is not yet known whether the micelles, apart from being thin, are longer in the main chain direction or in the backbone direction.
There is a small difference in the structure between extracts in cold water and those obtained in boiling water. A comparison of these is shown in figure 9, plate 9: A, which is the protein extracted in water at 100° C for 24 hr., gives a better defined /^-photograph than the extract in cold water shown at B. In general effect the difference between the cold-and hot-water extracts is like that observed by Astbury & Lomax (1935) for a variety of proteins before and after heat denaturation. The characteristic feature of arthropodin is that while boiling produced the molecular configuration of denaturation, the protein remains highly soluble in water, though some change is indicated by the various properties listed in table 9 of (I).
Thus arthropodin extracted by the gentlest method possible, i.e. in cold water at 0° C, shows itself to exist naturally in the fully extended or /^-configuration. In vertebrates, the chief structural proteins of epidermal origin are, with few excep tions, in the a-form: by contrast the chief structural protein of the insect cuticle is in the /?-form. We consider this fact to be of special interest in that the /?-protein chain is configurationally more capable of fitting into a chitin-protein complex than is the a-chain. A full discussion of the probable significance of these molecular properties in relation to the origin and detailed structure of the cuticle will not be undertaken here. By giving a comparison photograph of the protein A and the chitin B, diffraction patterns (figure 11, plate 9), we can illustrate how closely the main lattice dimensions of the two kinds of chains correspond. In the protein photograph A, the main chain periodicity is not visible, but it is known that the length of three amino-acid residues corresponds to the 10-3 A periodicity which is the length of a chitobiose unit. It is suggested that this close dimensional agreement between the protein and chitin chains affords a basis for interpreting the peculiar configuration of intact cuticles in terms of interpenetrating protein and chitin lattices (figure 34).
Attempts were made to study the reaction between isolated arthropodin and solutions of benzoquinone and of catechol. Neither the cold-nor hot-water extracts of protein, after drying and dissolving in 1 % solutions of benzoquinone, gave a typical brown precipitate. A little protein did come out of solution but did not colour significantly. On the other hand, a distinct precipitate was obtained with catechol. Here the arthropodin used was obtained by grinding cuticles in water and standing for 24 hr. at 0° C. The solution was filtered clear and the protein obtained by freeze-drying. On placing the dry protein in 0-2 % catechol it dis solved and the colourless solution rapidly darkened. After 2 days a heavy, dark brown precipitate of pigment protein was obtained, which was centrifuged off and well washed in water. This reaction does not occur with extracts of protein obtained by boiling water, and it is very feeble with the second extracts of larval cuticle in cold water. This shows that an enzyme is necessary for oxidation of the catechol and that this enzyme is largely included in the first extract. In figure 10 , plate 9, A is the diffraction pattern of the catechol/protein complex, which is compared with B, a protein/pigment fraction extracted from the puparium in 5 % HC1. This latter is the fraction B described below and shown again in figure 12B , plate 9. 10*3 A -»• The general framework is not greatly altered by the treatment with catechol, the main effect being a small disturbance of the side-chain reflexions and an increase in the background scattering. This latter may be due to the formation of polymerized products of catechol. The purpose of these experiments was to obtain a pigment-protein preparation for comparison with the insoluble residues recovered from acid or alkali extracts of the puparium.
The non-dialysable material extracted from puparia with alkali gave weak diffraction patterns obscured by the high ash content, and study of them was discontinued. But some more attention was given to the acid extracts. Finely ground puparia were used and the powder, after extracting with petrol ether, was extracted in boiling water for 24 hr. to remove the water-soluble material. The puparia residue was then treated in 4 % HC1 at 80° C for 16 hr. The extract was precipitated with trichloracetic acid and dialysed against water for 3 days. The precipitate was separated by centrifuging (fraction A), while the water-soluble material remaining in solution was precipitated by 70 % alcohol (fraction B). This latter, like arthropodin, is precipitated in half-saturated (NH4)2S04, alcohol and trichloracetic acid.
A comparison photograph of fractions A and B is given in figure 12 , plate 9, fraction B showing a typical /? polypeptide structure, but less perfect than that of arthropodin. On the other hand, fraction A is considerably altered, particularly in the diffuseness of the backbone reflexions, and is what might be expected from a protein heavily combined with tanning materials. The two fractions differ widely in their solubilities and diffraction patterns, and, what is very important, in their colour. As wet precipitates, fraction A appears dark brown while fraction B is only a light straw colour. As dried precipitates both appear very dark, but from the colour of the wet precipitates it is clear that fraction B has only a little attached pigment. Both fractions A and B have had effectively the same treatment; and it should be noted that arthropodin itself would be entirely degraded in the above extractions. Fraction B thus owes its stability to a partial degree of tanning or to the fact that fractions like it are being continually split off from the more resistant fractions like A.
A really simple comparison between the extracted pigment/protein complexes and the artificial complex of arthropodin and catechol cannot be made. But it is apparent from figure 10, plate 9, that the catechol/protein complex is partly similar to the more lightly tanned fractions extractable from puparia in that both 10 A and 10 B show disturbance of the side-chain reflexions as compared with the nonpigmented proteins of figures 9 A, B, plate 9.
III. A r t i f i c i a l h a r d e n i n g a n d d a r k e n i n g o f l a r v a l c u t i c l e s
Hide proteins are readily tanned by benzoquinone, and Pryor (1940) has shown that the hardening and darkening process during the formation of the ootheca of cockroaches can be imitated by the use of benzoquinone in place of the secretion of the left gland which normally supplies the chromogen. All soft and colourless insect cuticles react rapidly with benzoquinone and thereby become brown and hard in a similar way to what occurs naturally during pupation of the fly, or when cuticles harden after moulting or emergence of the adult. The amount of benzoquinone taken up by larval cuticles of Sarcophaga depends on the concentration of the solution, time, temperature, and the degree of preheating of the cuticles. The results given in table 8 were obtained by treating cuticles of equal sized larvae in the manner indicated. Each test was made with the entire cuticles from fifteen larvae, weighing 2 g. and all from the same batch. The dry weight of the cuticles before tanning was determined on an aliquot sample.
It is clear from table 8 and figure 35 that benzoquinone does not combine with the cuticles in constant proportions. An important effect is the probable polymerization of the quinone within the cuticle framework, and this is considered below in X-ray studies. The pronounced effect of heating the cuticle is noteworthy. Because of the 4 lack of precipitation of arthropodin in solutions of benzoquinone as described on p. 125, it thus appears that the intact structure of the cuticle is necessary for high quinone absorption. The effect of heating and steaming would destroy the intact The structure of insect cuticles 127 ) structure described in the X-ray section on p. 118. Also, under these conditions the protein would remain soluble in benzoquinone and during the period of 1 day some would be lost into solution. This situation where benzoquinone fails to form resistant precipitates with isolated protein, yet forms highly resistant complexes within the intact cuticle is one of considerable interest and merits further study. S a r c o p h a g a la r v a e a t 25° C co n cen tratio n dry-w eight of benzoquinone tim e increase figure 35 p re -tre a tm e n t (% ) (days) Cuticles of Sarcophaga larvae react with catechol and hydroquinone similarly to benzoquinone, but the amounts of phenolic substances which combine are appreciably smaller with catechol and still less with hydroquinone.
In table 9 the results of our experiments are given. For each treatment the cuticles from the same number of larvae of equal weight were prepared, using the same method of cleaning throughout. The dry weight was determined on the untreated series and it is assumed to be nearly the same for the other lots, i.e. 86 mg. For comparison, values are included for the average natural puparium, 'before treatm ent' and 'after treatm ent' referring to the weights of the larval cuticle and the puparium respectively.
In table 9 the control was not treated, but all the treatments have the effect of staining the cuticles brown and rendering the protein water-insoluble. There is an appreciable residue in the treated cuticles which does not dissolve in 5 % KOH after 24 hr. and this is probably due to polyphenols formed within the structure. The material which is extracted in hot 5 % KOH is precipitated on neutralization just as in the case of the natural puparium.
T a b l e 9. S o l u b i l i t y o f l a r v a l c u t i c l e s t r e a t e d w i t h 2 % c a t e c h o l , HYDROQUINONE OR BENZOQUIUONE FOR 6 DAYS AT 25° C Cuticles which have been previously heated to 100° C will continue to darken in benzoquinone, but darken only very faintly in catechol. Melanin is precipitated in solutions of tyrosine or dihydroxyphenylalamine ('dopa') in the presence of normal cuticles, but not when the cuticles have been previously heated. Since the work of Dewitz (1902) it has been recognized that the darkening of fly puparia is an enzymic process, and the presence of polyphenol oxidase in the cuticles of many insects has been demonstrated by Bhagvat & Richter (1938) . cuticles do not darken or harden when immersed in the blood of the larva, but there is local precipitation of melanin exactly as when immersed in solutions of tyrosine and dopa. It is clear that the natural hardening agent can be neither tyrosine nor dopa, but is related to the o-dihydric phenols.
Of the phenolic compounds tested, catechol appears to produce the most specific effect with larval cuticles of Sarcophaga. This becomes very obvious when com pared with the effect of the same compounds on cuticles of other insects which in the normal course of events do not darken or harden (table 10). The caterpillars of two moths, Ephestia kuehniella and G a l l e r i a m e l o n eh ave soft and colourless which are cast off before the lightly tanned pupal cuticle is formed. The cuticles of the caterpillars darken much more quickly and more strongly in solutions of tyrosine and dopa than of catechol. The colourless cuticles of Dixippus morosus (cf. p. 115) darken little in tyrosine, somewhat more in catechol, and most in dopa. The intersegmental membranes of mealworm cuticles darken rapidly in dopa, but not at all in catechol. The general position is shown in table 10 by a series of + signs to indicate degrees of darkening. The differences are most obvious after about 6 hr., while later some darkening occurs everywhere and differences are less marked.
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Table 10 is intended to give only a rough guide to the behaviour of different cuticles. It appears that the larval cuticle of is tanned by catechol more specifically than is any other cuticle tested, while some of the others react more specifically with tyrosine and dopa. As the chromogen in the case of the blowfly larva must arise from tyrosine in the blood, we are led to the conclusion already proposed by Pryor (1940) that the tyrosine is deaminated and otherwise changed before darkening of the puparium begins.
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The methyl alcohol effect If mature larvae of Sarcophaga are placed alive into methyl die within a few hours, the cuticles gradually turn brown within a few days. This is a hardening and darkening process very similar to that taking place during the formation of the puparium, but there is no pupal contraction.
For the measurements given in table 11, mature larvae of equal weight were taken, and some were placed in methyl alcohol and left for 4 days. The dry weights of cuticles before treatment are taken from those of the untreated larvae, the same number of cuticles being considered to have the same dry weight. For comparison, results are given for the average natural puparium, 'before treatment' and 'after treatment ' referring to the larval cuticle and puparium weights. Table 11 shows an increase of cuticle weight after methyl alcohol treatment of the larvae and a decrease in water solubility of the cuticle constituents. That the residues after alkali treatment are approximately the same as in untreated larvae gives support to the essential correctness of the dry cuticle weight values estimated for the treated larvae. Methyl alcohol tanned cuticles, when extracted for a pro longed period with hot alkali or acid, give a darkly coloured solution from which a brown precipitate is obtained on neutralizing. This behaviour is exactly parallel to that of the puparium and is consistent with the weight increase of treated cuticles and reduction in water solubility shown in table 11. The weight increase estimated for the larval cuticle as a result of treating larvae in methyl alcohol is shown to be nearly the same as that which is found at pupation. This suggests that about the same amount of 'pigment' is added to the larval cuticle whether the coloration takes place by the natural process of pupation or by the effects of methyl alcohol.
T a b l e 11. E f f e c t o f t r e a t i n g m a t u r e l a r v a e w i t h
METHYL ALCOHOL. D R Y CUTICLE W EIGHTS GIVEN IN MG.
before tre a tm e n t a fte r tre a tm e n t H 20 , 100° C, 24 hr. There is no similar effect of methyl alcohol on isolated cuticles, the effect being obtained only on whole larvae. In larvae which have been ligatured behind the ganglion (Fraenkel 1935) , darkening occurs equally in front of and behind the ligature. This shows that the pupation hormone cannot be involved in the methyl alcohol effect. The CH3OH darkening of cuticles does not occur in young larvae of Sarcophaga, or in the larvae of Ephestia, which normally do not darken.
Methyl alcohol has a very specific effect of darkening and hardening only the cuticle, without affecting hypodermis or tissues, which remain essentially un coloured. Ethyl alcohol has no similar darkening effect on either cuticles or tissues, but the higher members of the series from propyl to amyl alcohol produce increasing effects of darkening in hypodermis and other tissues, while the cuticle remains colourless.
It is clear that the function of the methyl alcohol is confined to producing con ditions favourable for the reaction of the cuticle with a chromogen. It possibly inhibits the action of dehydrogenases in the blood which normally may prevent the oxidation of tyrosine by tyrosinase: it may have a similar effect on the enzyme system in the cuticle, inhibiting dehydrogenases and thereby favouring the effect of oxidases: or by altering the permeability of the hypodermis it may promote the diffusion of chromogen from blood to cuticle.
The functioning of the oxidase system is a necessary prerequisite for the methyl alcohol tanning, and it is well known that dehydrogenases are more easily destroyed by narcotics than are oxidases. Heating larvae to 70° C puts the oxidases out of action and no CH3OH tanning occurs. That tanning is brought about by diffusion of substances into the cuticle from the blood is shown by the weight increases of table 11, and by the absence of tanning in isolated cuticles. That the effect is not obtained with young Sarcophaga larvae, or with larvae of Ephestia, is doubtless due to the low concentrations of tyrosine in the blood (p. 135).
The view that methyl alcohol produces its effects by destroying enzymes norm ally inhibiting the oxidation of phenolic compounds is supported by the following temperature effects. Larvae were heated slowly in water and samples were with drawn at temperature intervals of 5° C. Larvae heated to 55° C die soon after this treatment but do not subsequently darken. With those heated to 60° C some dark ening appears subsequently both inside the larvae and in the cuticle. Larvae heated to 65° C show darkening about 30 min. afterwards, and then rapidly become black inside. Hardly any darkening occurs after heating to 70° C. At 60 and 65° C most of the darkening occurs in the hypodermis and adjoining muscles, but in places the adjoining cuticle also becomes brown in a manner very similar to the normal darkening at pupation.
These observations point to the conclusion that high temperatures cause darkening by destroying enzymes which normally inhibit phenol oxidase. The exact temperature conditions under which the oxidases are least affected, while their inhibitory enzymes are most affected, are difficult to produce artificially, because of time lags in heat conduction and other time effects. Compared with tem perature, methyl alcohol appears to have a much more specific effect in destroying inhibitory enzymes without affecting the oxidases. Otherwise the mechanism of heat tanning and methyl alcohol tanning are very similar.
The methyl alcohol effect initiates and allows to continue in comparatively normal fashion the reactions concerned with darkening and hardening even though the animal is killed. These observations give good hopes of being able to isolate the biochemical systems involved.
Some further information as to what happens in the hardening of the puparium was obtained from X-ray studies of the effect of benzoquinone, hydroquinone and catechol. Larval cuticles when treated in the above phenols show essentially identical diffraction patterns. The type of change following treatment is shown in figure 19 , plate 10, A being air-dried larval cuticle, B similar dry cuticle treated in 1 % benzoquinone solution for 3 days, washed and dried, and C freshly cleaned larval cuticle, placed in 1 % benzoquinone for 3 days, washed and dried. Figure A shows that dried untreated larval cuticle is characterized by strong 002 reflexions which are also comparatively sharp towards the outer limits of the reflexion. Figure B shows that these characteristics are changed by the absorption of quinone, indicating that the point of attack is at the side chains of the chitin/ protein structure. In figure C the 002 reflexions are even more diffuse than in figure B, while they are also displaced towards the centre to a greater extent. As far as figure 19 A and C are concerned they might well be a comparison of larval or white pupa cuticle and puparium in respect of the 002 reflexions. In figure 17 , plate 10, a comparison is given of the natural puparium (A) with white pupa cuticle tanned in 1 % benzoquinone (B). The effect of artificial tanning on the 002 re flexions is readily seen by comparing figure 16 A (natural white pupa cuticle) with figure 17B (artificially tanned white pupa cuticle). However, the quinone effect differs from that of natural hardening in that it destroys the normally occurring equatorial reflexions at 33 A. This is readily seen in comparing A with B and C in figure 19 . The molecular planes that give rise to these reflexions are made highly irregular by the absorption of quinone. Cuticles treated in benzoquinone, hydro quinone and catechol solutions were, after washing and drying, steamed for 6 min.
The diffraction patterns were not thereby altered, which is just the effect observed in comparing the pattern of the puparium before and after steaming. The tanning has thus stabilized the protein structure in a way similar to that occurring in natural hardening.
In the natural hardening the spacings at 33 A are not made irregular or enlarged, although the structure they represent is altered as is shown by their changed behaviour on wetting. Many attempts to imitate the naturally occurring change have not been successful, methods used being tanning from absolute alcohol/ benzoquinone solutions and from aqueous quinone solutions with added salts as swelling depressors. It may be concluded that the exact type of quinone is neces sary and/or it must be brought to the site of reaction under rather special con ditions. There are good hopes that the specific quinone will be found, and then it can be seen how far special conditions of reaction are required. It was hoped that a study of methyl alcohol tanned cuticles would give valuable information, but the structure is considerably disrupted in this treatment and does not allow com parison with the normal puparium.
Having described the main changes in molecular structure that occur when larval or white pupae cuticles are treated in benzoquinone, it remains to see what happens during similar treatment of puparia. For these experiments puparia (flies emerged) were cleaned by scraping and washing, and after cutting into strips, two equal-sized bundles of cuticle layers were made. One bundle was placed in distilled water and the other in 1 % aqueous benzoquinone solution. After 15 days at room temperature the bundle in quinone was removed and washed in water for 3 days. Both bundles were then air-dried and gave the diffraction patterns shown in figure 20 , plate 10. The treated material B shows a pronounced shift (approx. 3 A) of the 33 A reflexion towards the central spot. Figure 21 , plate 10, shows the same specimens wet in water, and it is seen that the untreated material A shows a greater shift towards the centre. These changes of swelling due to treatment with quinone are very similar to the effects of various tanning agents on collagen (Astbury 1940).
The Sarcophaga puparium absorbs benzoquinone, probably by polymerization, between the molecular planes represented by the 33 A reflexions. In the puparium these planes are stable in steam and other reagents, while in the soft cuticle they are very unstable. While benzoquinone destroys this regularity in larval cuticles, it does not do so in the puparium but certainly causes a pronounced, though regular separation of the molecular planes. The point of attack is the same in both hard and soft cuticles, but the resulting displacement is different. Samples of the cuticles for which diffraction patterns are given in figures 20, 21, plate 10, were sectioned, and the swelling of thin sections in water was measured in photomicro graphs. Figures 32  a, b, plate 11, shows the swelling of untreated pupariu figures 33 a, b, plate 11, the swelling of puparium treated in bulk in benzoquinone. Thus the swelling as measured in diffraction patterns and the swelling as measured on the sections can be compared, and the values are given in table 12 for the direction perpendicular to the surface.
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The measurements on the sections were made at recognizable troughs in the wavy outline. The agreement between the 'diffraction' and 'section' swelling is very close in the case of each treatment. These data support the view that the bulk swelling of the cuticle can be traced directly to the reactivity of molecular planes represented by the strong diffraction lines of 33 A spacing. To demonstrate this change of swelling after quinone treatment in a more direct manner, the following experiment was carried out. A thin section of puparium was cut and photographed dry and wet (figures 30 a, 6, plate 11). The section was then treated in 1 % quinone for 10 days, well washed and dried. It was then photographed again dry and wet (figures 31 a, 6, plate 11). After the quinone treatment the section became somewhat broader and the swelling was greatly reduced, being only 19 % compared with 30 % before treatment. The sections are also darker than before treatment. The greater reduction of swelling than in the sample of bulk-treated puparium can be accounted for by the ease of access of quinone to the thin section. In contradistinction to the effect of benzoquinone, hydroquinone and catechol, dopa does not have a stabilizing effect on the protein structure of larval cuticles. Particularly noticeable is the fact that dopa does not cause diffuseness of the 002 group of reflexions; neither does it destroy the reflexions at 33 A spacing, though these become less regular, as might be expected from the deposition of melanin within the structure. But dopa does have an effect which calls for further in vestigation. Steaming of dopa treated cuticles for 6 min. results in only a partial development of the pure chitin structure, as is seen in comparing catechol-and dopa-treated larval cuticles (figures 22 A, B, plate 10). The catechol-treated cuticle A shows no appreciable change on steaming, while the dopa-treated cuticle B shows the disappearance of the 33 A reflexion by steaming and the outward shift of the 002 reflexions. However, whatever the detailed explanation of the dopa treatment may be, it can be readily distinguished from the effects produced by catechol and hydroquinone, which cause a displacement in the side-chain direction of the chitin/protein structure, and this displacement is stable to steaming. In this respect benzoquinone, hydroquinone and catechol act like the natural hardening agents, but there is great difference between the artificial and natural hardening when the effects on the planes of 33 A spacing are considered.
IV. O r i g i n o f t h e c h r o m o g e n o f t h e p u p a r i u m
In many insects the blood darkens quickly when exposed to the air, a pheno menon which is recognized as an enzymic oxidation of tyrosine to melanin. Pryor's (1940) assumption that the chromogen in the blood is the oxidized form of tyrosine, dihydroxyphenylalanine (dopa), is unfounded. The ferric chloride test is entirely negative with larval blood of Sarcophaga, which indicates th dopa. The Millon reaction is, however, intensely positive, indicating the presence of considerable free or bound tyrosine. Previously (I), free tyrosine had not been found in the larval cuticle, and it was concluded that the chromogen required for colouring the puparium must originate from within the larva. Thus one would expect the tyrosine content of the blood to fall during pupation. With this objective in mind, tyrosine determinations were made on the larvae and pupae of and some other insects.
Tyrosine was determined according to Lugg's method (1937) with only slight modifications. The object was to determine free tyrosine only, hence the material was not hydrolysed. Weighed quantities of the insects were heated in water at 80° C to destroy tyrosinase. They were then finely ground with sand, boiled in water to remove coagulable protein, filtered clear through paper pulp, and the residues well washed. From the combined filtrates more protein not coagulated by heat was removed in the subsequent treatment with mercuric salts. In some determinations the cuticles of larvae were removed and the tissues and blood extracted in water as above. Where blood alone was investigated, the living larvae were cut in two longitudinally and agitated in water which was quickly filtered and the residues washed, the combined filtrates then being boiled to remove coagulable protein. Extracts of pupae were made after removing the puparia.
The results of several determinations on the above filtrates are given in table 13, and are expressed as mg. tyrosine per g. of living larva or pupa from which the extracts were derived. Thus expressed we see immediately that most of the total free tyrosine is in the blood.
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T a b l e 13. T y r o s i n e c o n t e n t o f v a r i o u s p r e p a r a t i o n s OF LARVAE AND PUPAE OF SARCOPHAGA series I larv ae c. 48 hr. before p u p a tio n sam e, b u t excluding cuticles sam e, b u t blood only I I m a tu re larv ae c. 12 h r. before p u p a tio n sam e, blood only sam e, blood a fte r stan d in g 3 h r. larv ae I hr. before p u p a tio n p u p ae, 30 h r. old I I I m a tu re larvae, 12-24 h r. before p u p a tio n p upae, 30 h r. old ty ro sin e as m g./g. 3 1 5 2-92 2-37 6-45 5-5 4-27 7-1 0-94 5-12 0-45 It is seen from table 13 that the tyrosine content is approximately doubled in the fully grown larva during the 48 hr. before pupation, and then sharply falls. Thirty hours after the puparium commenced to darken, only about j^th of the original free tyrosine remains in the tissues. This is the more remarkable, as during this period most of the tissues of the larva break down, some possibly even to the amino-acid state.
Most of the free tyrosine is contained in the body fluids, in or readily accessible to the blood. The values obtained with blood alone are possibly too low, as the method of extraction was less thorough than when all the tissues were ground. In a sample of blood which was left standing for 3 hr. and had consequently darkened considerably, the tyrosine content had fallen 20 %.
In order to be able to understand these tyrosine values to the best advantage we must first review the changes of total body weight that occur prior to pupation. The larva loses weight from the time it stops feeding, partly by digesting the contents of the gut and excreting, and partly by respiration. By weighing a large number of individuals during this period, the average changes in weight of larvae from 48 hr. before pupation to 30 hr. after pupation became known. In weight, fully grown larvae range from 50 to 180 mg., but the data of tables 13 and 14 are based on larvae where the white pupa weighs 100 mg. In table 14 the weight of the larval cuticle is derived from the datum that the mean dry cuticle weight is 6 % of the live-body weight. The weight of the puparium is calculated by adding 6 % to the weight of the larval cuticle (cf. p. 114). The data of series II and III of table 13 are recalculated in the column 'free tyrosine', while 'total tyrosine ' figures are calculated from Trim (1941) , who found a decrease in the total tyrosine in the whole organism (dry weight) from T7 to 0-87 % at pupation. For our purpose we have expressed these results in terms of the fresh weight by using estimates of the dry/fresh weight relation of 27 and 29 % for larva and pupa respectively. Trim did not state the age of his larvae, but it seems that they ranged 24-48 hr. before pupation. From table 14 it is seen that the loss of total tyrosine measured by Trim corresponds to the loss of free tyrosine to be expected on com paring larvae 24-48 hr. before pupation with 30 hr. old pupae. It is also seen that the bound tyrosine remains relatively constant in larva and pupa, i.e. c. 0T5 mg. per animal. Table 14 shows that there is reasonable agreement between Trim's data and our own, and gives no reason to doubt the correctness of the free tyrosine figures. To obtain more satisfactory figures for the loss of total tyrosine during pupation, measurements of the total tyrosine in larvae just before pupation must be made and then compared with those in the developed pupa.
The main conclusion to be obtained from the data of table 14 is that the gain in cuticle weight at pupation can be readily accounted for by the loss of free tyrosine from the blood during pupation. The maximum loss of free tyrosine is 9-1 % of the larval cuticle weight and corresponds with the maximum weight increase found in cuticles at pupation, i.e. 8-8 %.
The free tyrosine contents of Sarcophaga larvae and pup to values obtained with other insects in table 15. All the determinations were made on whole ground insects.
in s e c t
D ixippus morosus Pieris brassicae
Ephestia e Stick-insects {Dixippus) contain little pigment in the cuticle, while the blood is green and does not darken on exposure to the air. The four lepidopterous larvae contain little or no pigment in the cuticles, and the blood darkens little if at all when exposed to the air. With the exception of Pieris, the pupal cuticles are brown, and judging from Sarcophaga one would have expected some free tyrosine in the blood at the time of pupation. However, the pupal cuticles are much less tanned than the Sarcophaga puparium and represent a much smaller proportion of the weight of the whole insect. In the various insects examined the free tyrosine con tent is of about the same order as in the Sarcophaga pupa, or as in vertebrate blood, but in the late Sarcophaga larva there is an exceptionally high amount of free tyrosine. There seems to be no other conclusion than that this tyrosine is required in the formation of the puparium which occurs among flies by the unique process of direct transformation of the larval cuticle.
Mamestra brassicae Aphomia gularis Sarcophaga
D i s c u s s i o n
There are several principal aims in this work which we wish to make clear: (1) To discover the range of composition of various cuticles and to relate this to the varying texture and other properties.
(2) To understand the interrelationship between chitin and arthropodin in the cuticles as an example of a polysaccharide/protein complex.
(3) To find the origin and nature of the chromogen and how it affects the struc ture of the cuticles.
(1) The range of composition
In the case of a crustacean such as the lobster we have in the intersegmental regions a ratio of chitin to protein of 60:40. We might assume, possibly incorrectly, that the main parts of the lobster cuticle have this same elementary composition, and that addition of calcareous matter is the main cause of hardening. But in insects hardening is achieved generally by the addition of organic substances, lightness being the all-important prerequisite for flight and speedy movement. In these studies of the composition of insect cuticles one aims at the simplest view of structure as (chitin and protein) and added organic matter. The larval cuticle/puparium relationship is the prototype of this conception, the added organic matter being responsible for the great hardening of the cuticle.
According to the data of table 4 the chitin of cuticles alone varies between 30 and 60 %. In general the softest cuticles have the highest chitin content, such as in Sarcophaga larvae and the intersegmental membrane of the lobster. These very soft cuticles are in a state nearest to that in which their substance is synthesized, and we may view their peculiar composition as due to certain necessary physico chemical relations between protein and polysaccharide. One such relationship may be derived from the following considerations. A rough estimate of the average amino-acid residue weight from Trim's data is 110 (cf. various figures given by Astbury 1943). Now three amino-acid residues occupy the same volume and length as one chitobiose residue, and for equal lengths of chitin and protein chains we obtain a weight ratio of 55:45. This approximates to the actual ratio found in soft cuticles. It must be emphasized that unless proper precautions are taken protein is very easily lost from the cuticle, as is shown by the data of table 1. Because of loss of protein during preparation and cleaning of the larval cuticles the chitin values recorded in our original paper (I) were about 60 %. Where special pre cautions were taken as in the experiments of tables 2 and 3, the chitin: protein ratio was found to be 52-4:47*6. If we now allow for 3 % of the cuticle being pure protein because of the secondary epicuticle described by Dennell (1944 Dennell ( , 1946 , the chitin: protein ratio in the chitinous part of the cuticle is c. 54:46, which is the ratio of 1 chitobiose residue to 3 amino-acid residues, where these latter have the average weight of 115. Amino-acid residue weights of 115 are common in proteins which have the kind of amino-acid constitution of arthropodin (Astbury
1943)-
From what we know of the properties of the cuticle constituents we can say that too high proportions of chitin would lead to aggregation of chitin chains producing a stiff non-deformable structure. On the other hand, an excess of a highly watersoluble protein, such as arthropodin, would result in a cuticle with little strength and durability. With these approximations we can see that a chitin: protein ratio of 55:45 in the chitin-bearing layers is just right, in that it keeps both the chitin and the protein from aggregating. This picture implies a model with alternating monolayers of protein and chitin (figure 34).
These remarks illustrate one way in which the study of cuticle composition pro vides data for the interpretation of structure. We may work on the hypothesis that the chitin-bearing regions have a fundamental ratio of chitin: protein of 55:45. This ratio may be easily lost if care is not taken during cleaning of soft cuticles, and it may also be masked by the presence of thick pure protein layers such as the epicuticle, or by the addition of organic substances to harden the cuticle, or by other kinds of deposition. We may apply these considerations to the data of table 4, and postulate that at the time of production many of these cuticles possessed a 55:45 ratio of chitin: protein and only secondarily acquired more protein or other organic material. These matters can only be resolved by studying the composition of adult cuticles during the stages of their formation. As an example of adult cuticle structure, Wigglesworth (1939) gives the composition of the soft endocuticle of Periplaneta as 60 % chitin. In view of our experience with differe methods of preparation it is possible that the relative chitin content is lower than 60%, and conceivably could agree with our picture of a fundamental cuticle composition.
Soft cuticles like that of the Sarcophaga larva can easily be within their structure polymers such as polyphenols or urea formaldehyde. Depending, of course, on the amount of polymer added, chitin contents over a wide range like those in table 4 could be obtained. The result of building polymers within larval cuticles is to alter the diffraction pattern in a way which allows comparison with that of adult cuticles. Details will not be described here, but the principles are quoted to give perspective to our studies of cuticle composition.
The whole story of the physical and chemical properties of insect cuticles is but a part of the study of texture in biological materials. In these cuticles we see two quite different ways in which the texture is altered.
(a) Hardening is produced by the addition of inorganic salts, or by organic cross linkages, or by polymers.
(b) If a soluble structural protein such as arthropodin is withdrawn, or its state of aggregation is altered, the main fibrous framework, in this case chitin, will aggregate to form a tough relatively inelastic structure.
This latter process may be of significance in the ageing of a variety of animal tissues.
(2) The chitinjprotein complex Unlike cellulose, which occurs naturally in a relatively pure condition, the chitin of insect cuticles occurs together with large quantities of protein. Our studies indicate that the lower limit of protein content is approximately 3 amino-acid residues to 1 chitobiose residue. Secondary changes may lead to reabsorption or other loss of protein. Important features of the diffraction pattern of chitin in the cuticle depend on the stability of the protein, and we conclude that the peculiar and characteristic pattern of insect cuticles is due to an intimate association of chitin and protein chains.
While further work is in progress there is no need to elaborate on this situation, which represents either a piece of molecular fabrication particularly useful in the insect's physiology, or is an inevitable result of the mechanism of chitin synthesis.
The insect cuticle provides a conveniently large object for studying some pro blems of polysaccharide/protein interactions which are important in the capsules of bacteria and in the cell walls of plants. In the case of the chitin membrane we obtain a picture of a monolayer of chitin associated with a monolayer of /^-protein.
A primary function of the single protein layer may be in the synthesis of the poly saccharide, so that a new chitin layer is associated with a new protein layer. Because of the close similarity in the size and shape of the chitin chain and the /^-protein chain the two structures can form interpenetrating lattices. With cellulose the situation may be fundamentally the same, the cellulose being formed on similar protein monolayers; but cellulose chains would not pack with ^-protein chains to form stable interpenetrating lattices. In consequence, cellulose is likely to be split off from its 'former' which then forms a new cellulose layer. Thus in the case of the two similar fully extended polysaccharides, about equal amounts of chitin and protein are formed together, while a little protein forms a great amount of cellulose.
(3) Origin and nature of the chromogen
As an outcome of the recent work of Pryor (1940) and our present work the mechanism by which a colourless insect cuticle darkens and hardens can be stated as follows. The chromogen is present as free tyrosine in the blood in relatively large quantities. Nearly all this free tyrosine disappears and reappears as the coloured substance in the darkened cuticle. The tyrosine which becomes free in the blood is specially produced but not at the expense of tyrosine fixed in the tissue proteins. Derivatives of the free tyrosine become associated with the protein already present in the uncoloured cuticle and form with it a highly resistant complex. This associa tion was first recognized by Pryor as a tanning reaction, the oxidation product of an o-dihydroxyphenol combining with a water-soluble protein to form a dark brown, insoluble, tanned protein.
The above description applies to the formation of the puparium of cyclorrhaphous flies, but there is now much evidence that the same or similar reactions take place when dark and hard cuticles are formed in other insect groups.
Pryor's assumption that the chromogen is first deaminated before exerting a tanning effect is a point requiring direct proof. There are two main lines of inquiry that support the occurrence of deamination.
(a) Nitrogen contents. The following data are from an earlier investigation by Evans (1938) . In Tenebrio molitor the nitrogen content of the larval cuticle is 13 %, of the pupal cuticle 13-6 %, and of the adult cuticle 12-0 %, i.e. lowest in the darkest and hardest cuticle (adult) and highest in the softest and least coloured cuticle (pupa). It is only 11*8 % in the exuvae of larvae, which layers are hard and dark. Again the abdominal cuticle of the hibernating wasp queen is about 12 % heavier than that of the just emerged queen, while the nitrogen content is signi ficantly lower (12-2 % as against 13-2 %). Hence the nitrogen content of the weight increase is about 4 %. These results in themselves give us no information as to whether the chromogen is deaminated before entering the cuticle. They merely support the view that the added substances are not very rich in nitrogen. The most pertinent data are those we have presented in table 3, showing that the weight increase of 6-3 % makes little or no contribution to the nitrogen content of the puparium. Also, the more insoluble pigment fractions which can be extracted from puparia give nitrogen contents varying from 8-5 to 10 %. These valtles suggest that one-half to one-third of such fractions consists of non-nitrogenous pigment. In table 14 we have shown that the weight increase can be accounted for by the loss of free tyrosine from the blood. While the evidence is that this tyrosine has been very largely deaminated, there is no reason to expect that deamination should be 100 % complete. There may under certain curcumstances be a degree of protein tanning by deaminated tyrosine as well as formation of melanin from undeaminated tyrosine.
(b) No tanning effect with dopa or tyrosine. Pryor (1940) fo duction of the cockroach ootheca, blood or dopa does not react with the protein of the left colleterial gland, but that benzoquinone, like the secretion of the right gland, tanned the protein very strongly.
From our work, the following facts have emerged: catechol in reacting with fresh larval cuticles imitates the natural tanning process more specifically than benzoquinone and hydroquinone, while tyrosine, dopa, or larval blood have no tanning effect. The reaction of catechol is also specific inasmuch as it only takes place in the presence of an enzyme in the cuticle. From the comparison of the tanning effects of tyrosine, dopa, benzoquinone and catechol, it is concluded that the reaction with protein occurs only when the phenolic substance is deaminated and oxidized to a quinone.
From our measurements the ratio of tanning substance to protein varies from 1:5 to 1:9. All parts of the cuticle are not necessarily tanned to the same degree, but the limits of tanning are apparently set by the amount of free tyrosine absorbed from the blood. There are at present no data concerning the detailed reaction of tan molecules with the protein. Apart from the general view that this takes place with amino groups, there is the suggestion that some tyrosine groups of the cuticle protein may be concerned in the hardening reactions.
A prospect of obtaining further understanding of the biochemical reactions is given by the experiments with methyl alcohol. It seems possible to put inhibiting enzymes out of action and then perfuse fully grown larvae with solutions of tyrosine or dopa. In this way it may be possible to collect products of reaction as they pass through the hypodermis and examine those to see if deamination has occurred. By some such procedure we may be able to collect the specific hardening reagent and then compare its behaviour with the in vivo reaction. R e f e r e n c e s A stb u ry , W . F ig u r e 2. P u p a riu m d ried in air. B eam parallel to th e surface a n d to th e long axis of th e pu p ariu m . T he p h o to g ra p h w as ta k e n of th e rew etted cuticle w ith th e beam directed perpendicular to th e surface.
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